ABSTRACT: A neutron time projection chamber can locate the approximate direction of a neutron hot spot with high efficiency and a 4π field of view. The angular resolution can be significantly improved by adding several plastic scintillation detectors and using coincidence events. The specific performances of such a coincidence imaging system are studied based on theoretical calculations and experimental results. The calculated value of the angular resolution is approximately 2° for the current system, which agrees well with the experimental results and sets an upper limit for the angular resolution of traditional back projection based online reconstruction methods. Although the statistical iterative method can breakthrough this limit and further improve the angular resolution, the time consumption is usually a problem. The coincidence imaging system can be further optimized for future applications based on the theoretical model.
also be used in applications such as in the imaging of solar neutrons [2] and in thermo-nuclear fusion plasma diagnostics [3] .
The neutron time projection chamber (TPC) [4] [5] and the neutron scatter camera [6] [7] [8] are two types of neutron scatter imaging systems designed for fast neutron imaging in the past decade. The neutron TPC (Figure 1 (a) ) is developed for fast neutron imaging with high efficiency and a 4π field of view (FOV). It can reconstruct the tracks of the recoil protons and determine the direction of the neutron source by averaging the directions of the recoil protons [4] . The neutron scatter camera (Figure 1(b) ) images neutron sources with double scatter events. The direction of the incident neutron can be restricted to a conical surface to improve the angular resolution.
We proposed a method to improve the angular resolution of the neutron TPC by adding several plastic scintillation detectors and using the coincidence events [9] (Figure 2 ). Besides fast imaging of the hot spots with a 4π FOV using single scatter events in the TPC, the detector system can also provide high-resolution imaging using double scatter events: first in the TPC and subsequently in the scintillation detector. Dual-end readout scintillation detectors are used to provide the 3D position of the second scatter [10] .
The imaging principle of the double scatter events is shown in Figure 2 . The first scatter occurs in the TPC, and then the scattered neutron is detected by the scintillation detector. The direction of the recoil proton is reconstructed by the TPC, and the direction of the scattered neutron is decided by the positions of the two scattering points. With the two directions measured, the direction of the incident neutron can be limited to a quarter of a plane (the dashed area in Figure 2 ). The incident direction can be further limited using the energy information. In an elastic scattering with a proton, the scattered neutron is perpendicular to that of the proton (angle is equal to 90°). [11] This fact can be used to distinguish effective events from the background and improve the angular resolution. The details of the prototype system are presented in Section 2, including the detector design and the methods used in the data analysis. In Section 3, a theoretical model is proposed to evaluate the performances of the imaging system. The key factors affecting the angular resolution, efficiency, and FOV are discussed. In Section 4, the experimental results using different reconstruction algorithms are presented and compared with the theoretical limit. The coincidence imaging system can be further optimized based on the theoretical model for future applications.
Design of the prototype system
A prototype system is built to test the imaging principle of the double scatter events. The prototype system consists of a TPC and four plastic scintillation detectors. The scintillation detectors are placed 21 cm from the center of the TPC and separated by 45° from each other, as shown in Figure  3 .
The neutron TPC
The TPC is modified from our former nTPC [12] , which is a fast neutron spectrometer based on the elastic scattering of 1 H nucleus in the working gas. The outer size of the TPC is Φ35×55 cm 3 , and the sensitive volume is 10×10×50 cm 3 . The field cage is a flexible PCB fixed on the outer face of a Φ30×50 cm 3 PMMA cylinder. Ar-C2H6 (50-50) is chosen as the working gas for a high proportion of hydrogen and good electron drift characteristics. The operating pressure is 1 atm. After being multiplied by a 10×10 cm 2 triple-GEM detector, the signals are collected on readout pads connected to 36 different 16-channel ASIC boards (576 channels in total). Each channel is sampled by a 25 MHz FADC. The simulation results show that the angular resolution of the system worsens with a pad size of more than 4×4 mm 2 [9] . To reduce the number of electronic channels, 4×4 mm 2 is chosen as the readout pad size.
The field cage and stainless vessel may interact with the scattered neutrons before they reach the scintillation detectors. According to the design of nTPC, the thicknesses of the stainless vessel and PMMA cylinder in the field cage are 2 and 5 mm, respectively. The transmission ratio of the scattered neutrons with different energy is calculated using the neutron cross-sections (from ENDF [13] ) as shown in Figure 4 , which indicates the ratio of scattered neurons passing through without being scattered by the stainless vessel and PMMA cylinder. The result shows that the transmission ratio is more than 70 % for scattered neutrons with energy more than 0.5 MeV.
Correction of the electron drift velocity
The electron drift velocity is of great importance in track reconstruction of the TPC. Previous works [12] showed that the simulated value deviated from the experimental value. The correction is based on the fact that the flight time of the scattered neutron (~ several tens of nanoseconds) is negligible compared to the drift time in the TPC (~ several microseconds), so the difference between the trigger time of the two detectors in a coincident event must be between 0 and the maximum drift time of the TPC.
In Figure 5 (a), the plateau results from the chance coincident events. The maximum drift time is determined by the two edges of the plateau. The chance coincident events are distributed evenly in the range of approximately 22 μs, which was the data acquisition time of the scintillation detectors. Each edge is fitted to a Gaussian function after being differentiated, as shown in Figures  5(b) and (c). Then, the maximum drift time is calculated as 14.3 ± 0.4 μs. The maximum drift length of the TPC is 50 ± 0.2 cm, the uncertainty of which is determined by the machining accuracy. Thus, the electron drift velocity is calculated as 3.49 ± 0.11 cm/μs. Moreover, the absolute energy deposition position in the drift direction can be calculated from the electron drift velocity and the trigger time difference between the TPC and the scintillator detector. 
Track reconstruction
The uncorrelated noise around the track are eliminated using the Hough transform, as shown in Figure 6 . First, the points are projected from the x-z plane onto the ρ-θ plane [12] .
Then, the intersection that is crossed by the most curves is selected. Finally, the points of the track are selected by retaining the curves passing through the intersection point. The track direction is reconstructed by fitting the pad hits, as shown in Figure 7 . A weighted least square fitting is used to fit the track points in the x-y and x-z (or y-z) planes. The distances between the track points and the fitting line are used as the residuals for the fitting in the x-y plane to suppress the reconstruction bias.
The track is determined by the center of gravity (COG) of the pad hits and the reconstructed direction. The total energy deposition is represented by the total charge collection.
The starting point of the track is used in the reconstruction of the direction of the scattered neutron, thus it must be reconstructed with high accuracy. In our previous works, the vertices of the track were roughly reconstructed as the two hit points with the longest distance between them. [12] However, the reconstruction accuracy was low owing to the bias resulting from the diffusion in the working gas.
A method based on the d /d is shown in Figure 8 . The method includes the following steps: (1) adding up the total charge collected by the pads in a pad row; (2) representing the d /d value along a track according to the total charge of each triggered pad row (the blue line); (3) indicating the end of the track by the Bragg peak (the right end); (4) determining the starting position by an interpolation method at the start of the track (shown in red); (5) determining the end position by a similar process (shown in black); and (6) determining the track length by the starting and end positions.
This method is still somewhat rough (e.g., the maximum d /d in the first half of the track is used as a rough estimate of d /d of the starting point) and is not unbiased; however, the reconstruction bias is reduced compared with the previous method. The reconstruction accuracy is evaluated using the experimental data in Section 4.1.1. 
Calibration of the gain uniformity
The difference in gains among different pads mainly results from the non-uniformity of the triple-GEM module and the readout electronics.
The gain of the electronics readout channels was calibrated using a pulser. Except for five dead channels, the gain inconsistency of the other 571 readout channels was estimated as 7.7% (relative standard deviation).
The non-uniformity of the GEM gain was calibrated by a cosmic muon test. The d /d value of the cosmic muon follows the Landau distribution (Figure 9(a) ). The most probable values of the Landau distribution measured at different pads are used to calibrate the GEM gain. The test result shows that the gain inconsistency caused by gain fluctuations of the triple-GEM module is 10.6% (relative standard deviation), as shown in Figure 9 (b).
The scintillation detectors
As shown in Figure 10 , a dual-end readout is used to measure the depth of interaction (DOI), which is the lengthwise position of the energy deposition in the scintillator bar. Each scintillation detector is coupled with two Hamamatsu CR105-01 PMTs at both ends. Four 1.6×1.6×40 cm 3 SP101 plastic scintillator bars are used in a 2×2 array to achieve a better DOI resolution. Tyvek paper is used as a diffuse reflector. The PMTs are connected to homemade pulse shaping circuits and subsequently sampled by a CAEN V1724 ADC. The DOI information is calculated from the signal amplitudes by Equation (2) [10] [14] :
where is the light attenuation coefficient, and 1 and 2 are the signal amplitudes. The optimal value of α is 2.9/ for the best DOI resolution, where is the length of the scintillator [14] . The α value of the 2 × 2 array scintillator is closer to the optimal value (i.e., better DOI resolution) than that of a single wider scintillator setup.
The scintillation detectors were tested using collimated 137 Cs and
60
Co sources at seven different positions to estimate the α value. The α value is fitted to be 0.00368 mm -1 ( Figure 11(a) ). The DOI resolution ( DOI ) is calculated according to the resolution of 2 / 1 and Equation (2), and is estimated to be 37 mm at 100 keVee (keV equivalent electron), as shown in Figure 11 (b). The reconstruction bias of the DOI is estimated to be less than 4 mm among all collimated positions by comparing the experimental data with the fitting line in Figure 11 (a).
Estimation of the performance using double scatter events

The angular resolution measure
Similar to Compton imaging [15] , the resolution of the angle between the projection plane and the actual direction of the incident neutron (the resolution of angle in Figure 12 ) is defined as the angular resolution measure (ARM). 
Analysis of the key factors affecting angular resolution measure
Because angle is 90°, the ARM is
where is the recoil angle, p is the resolution of the angle ( p ) between the true direction of the recoil proton and the projection plane , and n is the resolution of the angle ( n ) between the true direction of the scattered neutron and the projection plane . The track of the recoil proton is reconstructed by the TPC. Two factors contribute to p : the multiple Coulomb scattering of the protons ( scattering ), and the fitting accuracy of the track ( fit ). The resolution of p is given by (4) scattering is related to the composition of the working gas and track length. fit is related to the track length and readout pad size, and is also affected by the diffusion coefficient of the working gas.
is determined by the travel distance of the scattered neutron and position resolution of the detectors. The position resolution of the TPC is negligible compared to that of the scintillation detector. The DOI resolution of the scintillation detector is much worse than the position resolution in the other two directions. To improve the angular resolution, an event reconstruction method based on the fact that equals 90° is developed to calculate the projection plane without the DOI information. In this case, the DOI information is only used to calculate and distinguish the chance coincidence background.
The ARM is discussed in detail in Appendix A, where the analytical expressions of scattering , fit , and are deduced for further estimation.
Calculation results
Based on the analysis and equations in Appendix A, the ARM is calculated using the parameters of the prototype system, which shows the limit of the angular resolution of the prototype system. 
3.1.2.1
̅̅̅̅ can be calculated using Equations (A2), (A6), and (A15). Some parameters used in the calculation are from [16] and listed in Table 1 . The pad size is a crucial design parameter related to both the angular resolution and the detection efficiency. For protons with an energy of 1 MeV, which is the average energy for recoil protons produced by fission neutrons, the estimated ̅̅̅̅ of different pad sizes are shown in Figure 13 .
When the pad size is less than or equal to 4×4 mm 2 , ̅̅̅̅ is around 2° and mainly results from the multiple Coulomb scattering when TPC is above 30°. This result is in good agreement with the Monte Carlo simulation results [10] that the angular resolution of the system has no significant difference with readout pad sizes smaller than 4×4 mm 2 .
3.1.2.2
n is calculated from the position resolution of the scintillation detectors (refer Appendix A.2). DOI resolution used for the calculation is 37 mm (test result for 100 keVee). Even with some improvement in the system design, the ARM calculated using the DOI information is not good in The DOI resolution can be further improved by reducing the length of the scintillator, but this results in a worse efficiency. By reconstructing the plane using the angle instead of the DOI information, a good resolution can be achieved without sacrificing efficiency ( Figure 14 (b)).
The angular resolution measure
The ARM is calculated from the estimated p and n . According to Section 3.1.2.1, ̅̅̅̅ of 2° is used for the calculations. As shown in Figure 15 , the ARM of the prototype system is better than 2.5° in the range 30° < < 150°, 40° < < 140°. Assuming that the projection plane is evenly distributed in all directions, 77% of the neutron events can be reconstructed with an ARM better than 2.5°. The ARM of the neutron imaging experiment in Section 4 ( = 90°, = 90°) is estimated to be 1.9°. 
The imaging efficiency
The neutron TPC has high efficiency and a 4π FOV using single scatter events. Adding plastic detectors breaks the symmetry and reduces the efficiency. The efficiency varies with the incident neutron direction. It is affected by the energy threshold of the TPC and scintillation detector. The efficiency are estimated by numerical calculations according to the system design and neutron cross-sections from ENDF [13] . The efficiency for fission neutrons from different directions is shown in Figure 16 . The low efficiency of neutrons in the upper side results from the location of the scintillation detectors, which is limited by the design of the nTPC.
The efficiency for different energy thresholds is shown in Figure 17 . The efficiency can be further improved by using more scintillation detectors.
The neutron test and the imaging reconstruction
Experimental setup and data analysis
The neutron imaging experiment was carried out in the Laboratory of Metrology and Calibration Technology, China Institute of Atomic Energy. A 252 Cf source with a neutron production rate of 5.96 × 10 6 s -1 was placed approximately 2 m away from the prototype system close to the axis of the TPC, as shown in Figure 18 . The precise measurement of the position was not carried out owing to the high radioactivity of the source. The design of the prototype system is shown in Table 2 . The prototype system roughly imaged the neutron source using the TPC only to determine the region of interest and then reconstructed a high-resolution image using the double scatter events. PMT size Φ 2 inch, 2 PMTs for a single detector (dual end)
Selection of proton tracks in the TPC
The experimental data of the TPC contains a large number of particle tracks. Besides the recoil protons, there are two main kinds of background particles: electrons and The absolute energy scale ( scale ) and the reconstruction bias of the track length ( bias ) are estimated as 0.452 MeV/pC and 1.8 mm, respectively. The fitted standard deviation of the track length is relatively small at low energies (1.7 mm at 1.8 pC), but increases with higher energy of the recoil proton owing to the growth of contributions from the zenith angle resolution and energy resolution. The derived track length is longer than the real value (positive bias) because of the diffusion of the charge in the gas. The bias of the previous method is usually ~6 mm. It is improved using the new method (Figure 8 ). Assuming the bias and uncertainty of the starting point equal to those of the end point, the bias and uncertainty are estimated to be less than 0.9 and 1.2 mm (half of the bias and √0.5 of the fitted standard deviation at 1.8 pC), respectively, which is much lower than those of the interaction point in the scintillation detector estimated in Section 2.2. The threshold is set to 18 mm for the track length and 2 pC (0.9 MeV) for the total charge to achieve a good angular resolution, which results in a selection efficiency of 0.38 for the recoil protons. The . The selected proton tracks have a double band structure; the track of a proton in the right band is entirely in the sensitive volume, while the track of a proton in the left band starts in the sensitive volume but ends outside. The proton tracks from both bands are selected for further analysis because their directions and starting positions can be reconstructed for fast neutron imaging.
Selection of the double scatter events
One of the most widely used techniques in coincidence measurements is the time window. As shown in Figure 5 , a time window with the width of the maximum drift time in the TPC can be used to distinguish the chance coincident events, but it is not strict enough because the drift time of the TPC is too long. The value of angle (90° for double scatter events) can be used to distinguish the chance coincident events. [11] As shown in Figure 21 , by using an angle window for from 85 to 95°, the double scatter events are distinguished effectively from the chance coincident events. The true to coincidence ratio of the double scatter events increases from 0.056 to 0.236 after using the angle window, which is calculated from the net and total counts of the experimental results. The selection efficiency of the angle window is related to the DOI resolution and is calculated to be 0.68 and 0.84 for energy depositions of 100 and 200 keVee, respectively (estimated using the angle window and test result of the DOI resolution in Figure 11 ). 
Imaging reconstruction
The first imaging results were presented in a previous report [9] . The prototype system achieved an angular resolution of 91° (FWHM) and an efficiency of 7.1×10 -3 using single scatter events in the TPC, which allowed for fast imaging of the hot spot with a 4π FOV.
The more accurate imaging results are achieved using the double scatter events. In this section, three image reconstruction algorithms widely used in Compton imaging [17] and medical imaging [18] are applied to the neutron imaging system to improve the angular resolution. If the direction of the incident neutron can be determined as where the measurement error reaches the minimum in the projection plane , the ARM equals to the angular resolution. The angular resolution is worse than the ARM because the direction of the incident neutron are limited to one quarter of the projection plane . The angular resolution of the reconstructed image varies with the image reconstruction algorithms.
Simple back-projection
The simple back-projection (SBP) method is one of the most straightforward algorithms. The direction of the incident neutron is limited to part of a plane (Figure 2) , and the probability can be calculated for each possible direction. The SBP image is calculated by simply summing up the probabilities of all the measured events. The SBP method can be performed event by event, but the image is blurred because the back-projection planes overlap with each other. Figure 22 is an image reconstructed using the SBP method. The streak artifacts are caused by the asymmetry of the positions of four scintillation detectors. The angular resolution of the image is 7.8° (FWHM). The efficiency is calculated to be 2.2×10 -5 [9] , which is in good agreement with the results calculated from the cross-sections (efficiency is between 2.93×10 -5 and 1.94×10 -5 for E scin (th) between 100 and 500 keV when E TPC (th) is 1 MeV (refer Figure 17) ). For the elastic scattering between a fast neutron and a proton, the distribution of the recoil angle is proportional to sin 2 . Then the point spread function (PSF) of the SBP image can be calculated as: where 0 is the angle between the source direction and the direction of the image pixel. The imaging result using the SBP method can be deduced using the ARM:
where is the angle between and ', and (0, , ) is the Gaussian distribution of . Equation (7) has no analytical solution due to the integral of the Gaussian function, but the angular resolution of the SBP image can be determined from the ARM as the following equation using numeral calculations:
FWHM SBP ≅ 3.74 (8) The angular resolution of the SBP image is estimated to be 7.1° using Equation (8) and the estimation result of the ARM in Section 3.1, which is in good agreement with the experimental result.
Filtered back-projection
The filtered back-projection (FBP) method is an algorithm proposed to improve the performance of the SBP method. The blurring is filtered out in spherical harmonics domain due to the point spread function of the SBP image. The FBP image ( ) can be calculated from the SBP image '( ) using the following equation [17] :
where ℎ −1 (cos ) is defined as:
where is the angle between and ' , and are the coefficients of ℎ PSF (cos 0 ) expanded on the Legendre polynomials. The function ℎ −1 (cos )can be approximated using Equation (10) by adding up the first th elements of the infinite series. With the pre-calculation of ℎ −1 (cos ), the FBP method can be performed in the event by event mode:
When approaches infinity, the angular resolution of the FBP image approaches its limit, i.e., the ARM or 2.355 times the ARM in the form of FWHM (calculated by Equation (9)). However, the cutoff of the infinite series results in the deterioration of the angular resolution, which is more serious with a larger . This deterioration may result from factors such as the asymmetry of the system and limited counts of neutron events. Therefore, the value of used for the reconstruction should be carefully adjusted, as shown in Figure 23 .
The FBP image of the experimental data is shown in Figure 24 . The artifact is smaller than the SBP image, but does not disappear due to the asymmetry in the prototype system. The angular resolution is improved to 5.3° (FWHM) using the same data from Figure 22. 
Maximum likelihood expectation maximization
The maximum likelihood expectation maximization (MLEM) method is an iterative algorithm to calculate the source distribution with the maximum likelihood of the measured data. The iteration is performed by the equation: [17] 
+1 = ∑ ∑ (12)
where is the value of direction at the th iteration, is the detection efficiency of neutrons from direction , is the number of measurement , and is the probability of a neutron from direction to be measured as measurement .
is the most essential value of all the parameters and is calculated by:
= energy • scatter • direction • efficiency (13) where energy is the probability of the source to emit a neutron with the estimated energy, scatter is the probability for the neutron to be scattered by 1 H in the TPC, direction is the probability for the scattered neutron to be in the direction of the second scattering position, and efficiency is the probability for the scattered neutron to be detected by the scintillation detector.
The MLEM method can reconstruct the image precisely after a number of iterations, but there are also some disadvantages. The MLEM method cannot reconstruct the image in the event by event mode, and the iterations result in a high computational cost.
The resolution increases with every iteration, but more computational time is required. After several iterations, the resolution of the MLEM image is better than the FWHM limits of the SBP and FBP algorithms, as shown in Figure 25 . Figure 26 is the MLEM image after 10 iterations. The angular resolution is 4.2° (FWHM) and can be further improved with more iterations. There is no significant artifact compared to the FBP and SBP images.
Estimation of the imaging reconstruction bias of the prototype system
The imaging reconstruction bias is of great importance since the goal of this paper is to develop a fast neutron imaging system with high-precision pointing accuracy. As shown in Figure 12 , the projection plane is reconstructed by the directions of the recoil proton and the scattered neutron, and can be calculated by: Δ = Δ p cos ± Δ n sin (14) where ± depends on the direction of the two biases. The systematic errors of the two directions result in bias in the reconstruction image, which affects the pointing accuracy of the system.
The systematic error of the recoil proton direction
Two factors contribute to the systematic error of the recoil proton direction: the drift velocity and fitting bias. The TPC coordinate system is used in the analysis in this section, with the drift direction of the TPC as the -direction The uncertainty of the drift velocity ( drift ) results in a systematic error in the zenith angle of the reconstructed direction, which is estimated according to the error propagation:
Δ TPC ( drift ) reaches the maximum when TPC is equal to 45°, and is calculated as 0.87° using the estimation result of the drift velocity in Section 2.1.1.
The bias resulting from the fitting is estimated using Monte Carlo simulation. First, the energy deposition in the detectors is simulated by Geant4. Then, the drift and diffusion in the TPC is carried out by a ROOT program using a fast Monte Carlo method [19] . 1 MeV protons are randomly generated in the sensitive volume with random directions in the simulation. The gain uniformity of the pads (from Figure 9 ) is also included in the simulation. As shown in Figure 27 , the fitting biases of the zenith and azimuth angles (the mean values in the figures) are simulated as 0.39° and 0.16°, respectively. 
The systematic error of the scattered neutron direction
The analysis in this section is based on the event reconstruction method using angle instead of the DOI information. According to the discussions in Appendix A.3 and Equation (A27), three factors contribute to the systematic error of the scattered neutron direction: the recoil angle in the TPC ( ), and the position of the two interaction points. Obviously, only the position errors in the direction perpendicular to the projection plane (Δ TPC and Δ scin ) can reduce the accuracy of the scattered neutron direction.
The systematic error of Δ n resulting from the position errors can be calculated as
where travel is the travel length of the scattered neutrons between the two detectors. The systematic error of scin is 1 mm, which mainly results from the absolute position registration bias between the two detectors.
The systematic error of TPC is deducted from the systematic error of the recoil proton track:
where start_to_COG is the length between the starting point and COG of the track, and Δ COG and Δ p are the systematic errors of the COG position and track direction, respectively, in the direction perpendicular to the projection plane. Assuming Δ COG is much smaller than the first term and COG is approximately at the middle point of the track, Equation (17) can be approximated as
where proton is the length of the recoil proton track. For recoil protons with energy less than 3 MeV, Δ TPC is calculated as less than 1.1 mm. The systematic error of Δ n resulting from the error of the recoil angle ( ) can be calculated using Equation (A26). It can be proved by coordinate transformation that Δ p and Δ follow the equation:
The estimation results
According to the discussions in Sections 4.3.1 and 4.3.2, the reconstruction bias caused by different factors was estimated for the neutron test and listed in Table 3 . A maximum bias was also calculated by assuming that the biases from different factors are all in the same direction. The reconstruction bias varies with the incident neutron direction owing to the asymmetry of the system. The average reconstruction bias and the reconstruction bias under the worst condition are also estimated. 
Discussion
The theoretical model of the coincidence imaging system can be used to optimize the detectors in future applications. Analytical results show that optimization of the readout pads of the TPC does not improve the angular resolution significantly due to the multiple Coulomb scattering. The angular resolution can be improved by using scintillators with smaller sections or longer distance from the TPC, but both of them will result in lower efficiency. Using = 90° other than the DOI information in the scintillation detector can achieve a good angular resolution without sacrificing efficiency. The angular resolution of the double scatter events tested using the prototype system is better than that of a typical neutron scatter camera. The theoretical model provides the limit of the angular resolution of traditional back projection based online reconstruction methods, which agrees well with the experimental data. Although the statistical iterative method can breakthrough this limit and further improve the angular resolution, it is a time consuming method. In typical applications, online reconstruction using the event-by-event mode is preferred.
In our system, the TPC itself can give a quick result that shows the rough direction of the hot spot. According to the calculated efficiency values towards different directions, one can adjust the bearing of the coincidence imaging system so that it can efficiently provide a fine measurement towards the direction of interest using double scatter events.
The reconstruction bias is estimated to be less than 0.56° for the neutron test and less than 1.42° under the worst condition, indicating high-precision pointing accuracy. The bias mainly results from the error of the drift velocity, and can be reduced by high-precision measurement of its value.
The absolute z position information of the TPC in the double scatter events can be used to reduce the parallax error. It is not used in the image reconstruction of the neutron test because the distance between the neutron source and the detectors is needed, which cannot be precisely reconstructed because of the limited number of double scatter events. However, the parallax error is of more importance for applications in which the source is close to the detector.
The TPC in the prototype system is modified from a former TPC [12] and not optimized for fast neutron imaging. The efficiency can be improved by using a shorter distance between the two types of detectors, using a thinner pressure vessel and field cage, improving the DOI resolution, or using more scintillators.
The chance coincidence events increase the background and worsen the resolution. The true to chance ratio of the double scatter events is lower than that of a typical neutron scatter camera because the coincidence time of the former is much longer than that of the latter. The start time of the drift in the TPC can be determined by the cathode signal and used to shorten the coincidence time. However, this is very challenging because the signal is very small.
Conclusion
The neutron TPC can locate the hot spot in neutron scatter imaging with a high detection efficiency, 4π FOV, and good neutron/gamma discrimination ability. By adding the plastic scintillation detectors, the angular resolution can be significantly enhanced using double scatter events. The high-resolution imaging is very important for the detailed measurement of the distribution within a hot spot.
A theoretical model is proposed to evaluate the performances of a coincidence imaging system. The calculated results agree well with the experimental data. The model can be used to optimize the detectors.
Although the TPC prototype is not completely optimized for neutron scatter imaging, an angular resolution of around 5° (FWHM) is achievable using an event-by-event reconstruction mode. The 4π FOV of the TPC and high angular resolution of the coincidence imaging system are very important and desirable for practical applications. We suggest that the combined TPC and scintillator system is suitable for SNM detection.
Appendix A: Deduction of the analytical expressions of the angular resolution measure
As shown in Section 3.1, the ARM is calculated from the resolution of the angle between the true direction of the recoil proton and the projection plane ( p ), resolution of the angle between the true direction of the scattered neutron and the projection plane ( n ), and recoil angle ( ). 
A.1
The multiple Coulomb scattering is unavoidable in the measurement of proton tracks and affects the accuracy of the reconstructed direction. The scattering angle scattering is defined as the angle between the projection of the final direction and the initial direction in a plane, e.g., the plane including the initial direction and perpendicular to the projection plane ( Figure A1 ).
scattering obeys the Gaussian distribution at small scattering angles and obeys the Rutherford scattering at large angles. The standard deviation of multiple scattering angles of incident ions in a material is defined by the Highland Formula [20] : 
where , , and are the momentum, velocity, and charge number of the incident particle, respectively, and 0 is the areal density of the material. 0 is the radiation length of the material, and can be calculated by the empirical formula [20] where and are the radiation length and the weight fraction of the th element, respectively.
As shown in Figure A1 , the standard deviation of that results from multiple Coulomb scattering is given by [20] :
where is the thickness of the material, and is the distance between the final position of the proton and the projection plane.
A.2
fit is caused by the fitting uncertainty of the recoil proton direction. To simplify the analysis, a coordinate system is set up with the drift direction of the TPC as the -direction and the direction of readout pad rows as the -direction.
As shown in Figure A2 , a typical track reconstruction process consists of two steps [21] : ( Let TPC and TPC be the polar and azimuthal angles, respectively, of the recoil proton direction in this coordinate system. Then, the coordinates of the recoil proton direction are (sin TPC cos TPC , sin TPC sin TPC , cos TPC ) . Let be the plane determined by the direction of the recoil proton and the zenith direction. If TPC is reconstructed with an error d TPC , the reconstructed direction deviates from the true direction with an angle Δ 0 in plane . ⃗⃗⃗⃗ be the direction of the recoil proton, direction of the scattered neutron, and direction perpendicular to them, respectively. Because the three vectors are perpendicular to each other, they form a set of basis vectors in the three-dimensional space. Let ⃗⃗⃗ be the zenith direction, which is a linear combination of the basis vectors. where T and L are the transverse and longitudinal diffusion coefficient of the working gas of the TPC, 0 and 0 are the intrinsic position resolution of the detector and electronics system in -direction and -direction, and eff is the effective electron number per pad row. As shown in Figure A4 , 0 arises mainly from the deviation of reconstructed by the COG method at small diffusion width [21] . eff can be calculated as [16] 
where row is the energy deposition per pad row, is the average ionization energy of the working gas and Polya is the factor that determines the shape of the Polya distribution of the GEM module gain.
A.3
As shown in Figure A5 , the coordinate system to be used in this section is set up such that the DOI direction of the scintillation detector is the -direction and the plane determined by the direction of scattered neutron and the -direction is the plane. Let be the distance between the first scattering point and the axial of the scintillation detector, proj and proj be the polar angle and the azimuthal angle of the normal vector of the projection plane ( norm ) in this coordinate system. The schematic diagrams of some scin and scin are shown in Figure A6 The direction of the scattered neutron is calculated from the position of the two scattering points. The position resolution of the TPC is negligible compared to that of the scintillation detector. n can be derived from the position uncertainty of the scintillation detector: where DOI is the position resolution in the -direction, and is the position resolution indirection and -direction:
DOI is usually large than in a dual-end readout scintillation detector. With the fact that equals 90°, we can calculate the direction of the scattered neutron without the DOI information. In this case, the direction of the scattered neutron is calculated using the direction of the recoil proton. The resolution of the recoil angle ( ) is a factor of the angular resolution rather than the DOI resolution. The uncertainty of the recoil angle ( ) and its average value can be estimated through a similar process with Appendix A. 1 By comparing Equation (A29) with Equations (A2), (A6), and (A15), it is obvious that ̅̅̅ is equal to ̅̅̅̅.
